Abstract-In this paper, we propose a simulation-based method to design low power multi-cell multi-user massive MIMO network by optimizing the positions of the base stations. Two realistic outdoor suburban areas have been considered in Ghent, Belgium (Europe) and Kinshasa, the Democratic Republic of Congo (Africa), in which the power consumption, the energy efficiency, the network capacity and the multiplexing gain are investigated and compared with LTE networks. The results of the simulations demonstrated that massive MIMO networks provide better performance in the crowded scenario where user's mobility is relatively low. A massive MIMO BS consumes 5-8 times less power than the LTE networks, with a pilot reuse pattern of 3 that helps obtaining a good tradeoff between the higher bit rate requested and the low power requirements in cellular environment.
I. INTRODUCTION
Recently, much attention have been garnered to the massive MIMO as an indispensable technology for the future 5 th generation of mobile wireless networks (5G). It can support higher spectral efficiencies to cope with the requested high throughput, and provide impressive energy efficiency performance at the same time [1] - [3] .
In developing countries like the Democratic Republic of Congo (DRC), energy harvesting is a big challenge. So, the deployment of energy efficient massive MIMO technology would help building up cost-effective wireless networks, by reducing drastically both the network capital and operational expenditures (CAPEX and OPEX) costs needed to run the generators due to grid power shortage.
Various previous works addressed the design of massive MIMO networks in cellular environments. Authors in [4] showed that in a multi-cell massive MIMO with imperfect channel state information (CSI), a high spectral efficiency can be obtained with even simple linear processing. [5] proposed a design of macro-cellular massive MIMO networks where the energy efficiency (EE) is maximized for a given coverage of the users (95%). Based on an assumed number of network cells, the maximal EE is achieved with a hundred of BS antennas serving tens of users in parallel, which match well with the massive MIMO concept. In [6] , a user capacity-achieving pilot sequences optimization is proposed to mitigate the pilot contamination effects in a multi-cell multiuser massive MIMO networks. The main contribution of this work consists in optimizing the sets of realistic possible locations of BSs retrieved from mobile operators in Kinshasa and Ghent, respectively so that the designed cellular massive MIMO networks meet the requested high bit rate, the coverage probability (95% of the users) and the power consumption requirements. To the best of our knowledge, none of the related existing works investigated the optimization of BS positions, in the context of multi-cell massive MIMO environment.
The remainder of this paper is organized as follows. Section II describes the main assumptions and the massive MIMO models that are used in the simulations. In Section III, the method to deploy the optimal number of BSs together with the proposed algorithm is provided and finally, Section IV presents the numerical results obtained with the simulations with respect to the assumed massive MIMO scenarios. We then conclude the study in Section V.
II. MULTI-CELL MASSIVE MIMO SYSTEM SETUP
In this study, the massive MIMO system consists of two suburban scenarios in Africa and Europe: a suburban area of 5.2 km 2 in Kinshasa (KN), DRC and a suburban area of 6.85 km 2 in Ghent (GH), Belgium. In the two suburban areas, 75 and 59 BSs are deployed in GH and KN respectively.
We consider the Massive MIMO setup in which the operating frequency is set at 3.70 GHz, the bandwidth at 20 MHz (below 6 GHz). For realistic and practical reasons, we assume the BSs use multiple antennas (16, 32, 48, 64 and 256) and the user equipment has one single transmit antenna. Besides the 4G reference network investigated in [7] , relevant massive MIMO scenarios are considered [8] , [9] : the open exhibition scenario (Scenario I, crowded environment with slow moving users) with users requesting 20 Mbps on average for their applications (live streaming) and the dense urban information society scenario (Scenario II, fast users) with applications (real time video gaming) requiring 300 Mbps on average per user. In both scenarios, we consider that the network operates in time division duplex (TDD) and we use a coherence bandwidth of 210 kHz and the coherence time τ c is set to 2 and 1 ms for the scenarios I and II, respectively [3] . The maximum number of served users K max at peak hours is estimated to 147 users and 224 users for Kinshasa and Ghent, respectively, based on the confidential data provided by the mobile operators.
The effects of inter-cell interference caused by the pilot contamination phenomenon inherent to the TDD multi-cell environment are captured by means of a different pilot reuse pattern: 1, 3 and 7. The other sources of interference are not considered in this study. Therefore, under the favorable propagation conditions requiring the mutual orthogonality of the propagation channels between the BS antenna arrays and the users, the signal to interference and noise ratio (SINR) experienced by the k th user in Cell l is modeled similarly to [10] :
With α M RT the normalization constant considered to satisfy the transmit power constraint at the BS [11] ; p p is the power of the pilots (in W) and p dlk is the DL power of the serving base station (in W) in cell l towards user k; p djk is the DL power of the interfering BS (in W) in cell j towards user k in cell l; β jkl represents the large-scale fading between the base sation in j th cell and the user k in l th cell that takes into account the geometric attenuation, shadow fading and path loss and σ 2 n is the noise variance.
The achievable rate R lk of the k th user in cell l of a multicell system under imperfect channel state information (CSI) defined by [10] :
With η the pilot reuse factor, τ p the number of symbols reserved for channel estimation (τ p ≤ τ c ) and γ DL is the portion of the coherence interval dedicated to DL transmission (γ DL = 50% [3] ).
III. METHOD
We propose a simulation-based tool, developed in java, denoted Capacity-based network deployment tool, which optimizes the initial set of BSs deployed by the operators in the area of interest based on the BS-user association algorithm with respect to the following optimization constraints: minimize the power consumption of the obtained network, respond to the instantaneous bit rates requested by the users and provide a coverage to at least 95% of the users. In [12] , the same tool has been used but with beamforming capability only. Here, in addition to beamforming, we implement the massive MIMO requirements: the new bit rate distribution to comply with the user's 5G applications, the achievable rate described in (2), the 3GPP LTE Rel. 8 path loss model and the power consumption (PC) model. Both the 3GPP LTE Rel. 8 path loss model and the power consumption one have been proposed for massive MIMO in [9] . They appear to be more realistic and lead to fair comparison with the 4G LTE.
Uniform distribution is assumed for both the location of each user within the areas of interest and the bit rates requested [7] . Based on these distribution functions, 40 traffic files are generated, each containing the maximum number of simultaneous active users, the location of the users in the area of interest and the required bit rates (based on the application).
Besides, additional files containing the set of possible locations of the BSs, the geospatial informations of the environments, the link budget parameters [9] , [12] and the PC values [9] , [13] of the BSs' sub-components are separately added as inputs to the tool that simulates different scenarios of the massive MIMO system. The algorithm implemented in the tool calculates the path loss between the user and all the BSs in the initial set of BSs. The BS with the lowest path loss and enough capacity to support the bit rates demanded by the user is enabled and associated with the user, on the condition that this lowest path loss is lower than the maximum allowable path loss (MAPL). For a new user, the algorithm checks the possibility to connect him with an existing active BS. If it is not possible, the BS power is incremented until the association conditions are met. If the maximum transmit power of the BS is reached and it is still not possible to connect the user to the existing active BS, a new BS will be enabled randomly. In this latter case, the algorithm assesses the possibility to transfer the already connected users to this newly activated BS as they may experience lower path loss and the old BS is deactivated automatically if it is left empty. If no BS can be enabled or all BSs are active, the user cannot be covered. The operation is repeated for all the users. The objective is to activate the least possible BSs and the obtained subsets of active BSs with their respective placements are then optimal. 40 simulations are executed to obtain a good estimation of the parameters of investigations. The energy efficiency (EE) metric defined in [12] that considers multiple network performance parameters such as the users, the bit rate, the coverage and the capacity is used here. Table I shows the results of the simulations in terms of the 95 th percentile of each investigated parameter, calculated over the 40 simulations. The standard deviation σ P C and σ EE and the confidence intervals CI P C and CI EE of the PC and the EE, respectively, are estimated. spectively) less power than the 4G reference scenario and provides almost 100-200 times more capacity. In fact, from the scenario with 256 antennas, a massive MIMO BS consumes only 172 W, while the 4G BS needs 848 W to provide services to the users. The low-power consumption components used in massive MIMO BSs, with simpler architecture are the main contributors to this good performance. Moreover, the use of many antennas at the massive MIMO BS requires low output power level at each antenna. Therefore, the traditional power amplifier (PA) used in 4G is not needed here; instead, a predriver at the buffer stage of the front-ends will be preferred in order to comply with this low output power level requirement for 5G. Fig. 1 (a) and (b) show almost the same behavior, in both environments, in terms of PC which scales with the number of BS antennas. The massive MIMO network (256x1) in Ghent consumes almost 3 times more power than the Kinshasa networks (256x1) ( Table I ). This can be explained by the geometry of the Ghent environment which requires more BSs to compensate the non line of sight propagations imposed by the high number of buildings so as to provide coverage to at least 95% of the users. There are 30% more buildings in GH than in KN. Fig. 1 (c) and (d) shows a degradation of the EE as the circuit power increases with the number of massive MIMO BS antennas. The more antennas, the less energy efficient the massive MIMO network is since the PC grows with the number of BS antennas. From the same figure, an interesting observation can be made: the massive MIMO network in Ghent is 2 times more energy-efficient than the one deployed in Kinshasa. The number of active users at the peak hours is the main contributing factor (224 active users for Ghent and 147 users for Kinshasa). In fact a higher number of active users to be served at peak hours increase the probability to simultaneously serve more users (at the same time-frequency resource) within the serving cell whose capacity is increased at the same time. Massive MIMO networks outperform the 4G reference network in terms of EE. They are 400 times more energy efficient than 4G networks and this performance is achieved thanks to the number of simultaneous users that can be multiplexed and the low-power consumption equipments they are equipped with. Fig. 2 shows that the multiplexing gain (MG), which is the number of users that can be served simultaneously by a BS during a TDD time slot, is important when the number of antennas at the BSs increases, despite the effect of the pilot contamination. In scenario I (open exhibition), the MG is multiplied by 3 when the number of antennas grows from 16 to 256 in both environments, while in scenario II (Dense urban information society), it is increased by 25% when the number of antennas vary from 16 to 256 (Fig. 2) .
IV. RESULTS AND DISCUSSIONS

B. Energy Efficiency
C. Multiplexing gain and pilot contamination
In terms of base station capacity, the better results are achieved with the pilot reuse pattern of 3 compared to the pattern reuse of 7 (Table I) : it provides 23% more capacity for scenario I and 3% more capacity for scenario II. The number of pilots is divided by 7 in the reuse pattern of 7 since they have to be shared between all the non-interfering cells belonging to this pattern. With the reuse pattern 3, the number of pilots is divided only by 3. This means that massive MIMO networks with a pilot reuse pattern of 3 can serve more users than those with a reuse pattern of 7.
V. CONCLUSION
In this study, a simulation-based method is proposed to design an optimal low power massive MIMO 5G network that meets the higher bit rate requested by the users, in two suburban areas in GH, Belgium (Europe) and KN, DRC (Africa). We show that the increase of the number of antennas at the BS allows the massive MIMO network to achieve the same performance as a 4G reference network while consuming 5-8 times less power and providing 100-200 times more capacity in GH and KN, respectively. In both environments, the results reveal that massive MIMO is more appropriate for crowded scenarios since it provides uniformly good services to 2-3 times more users simultaneously, compared to the information society scenario. The pilot reuse pattern of 3 appears to be the optimum one to ensure a trade-off between higher capacity and low power consumption requirements.
